Recently, Metal-Organic Frameworks (MOFs) or Porous Coordination Polymers (PCPs) composed of transition metal ions and bridging organic ligands have been extensively studied. The characteristic features of PCPs are highly regular channel structures, controllable channel sizes approximating molecular dimensions, designable surface potentials and functionality, and flexible frameworks responsive to guest molecules. Owing to these advantages, successful applications of PCPs range from molecular storage/separation to heterogeneous catalysts. In particular, use of their regulated and tunable nanochannels for a field of polymerization has allowed multi-level controls of polymerization (controls of stereoregularlity, molecular weight, etc.). In this chapter, we focuses on recent progress in polymerization utilizing the nanochannels of PCPs, and demonstrates why this polymerization system is attractive and promising, from the viewpoints of precision controls of polymer structures.
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Introduction
All naturally occurring polymers are produced by enzymatic catalysis, where stereoselective, regioselective, and chemoselective polymerizations proceed effectively within regulated and well-organized molecular-scale spaces. Inspired by the elegant operations in these biological events, many synthetic chemists have focused their research interests on polymer synthesis in confined and designed nanospaces to attain precise structural controls of artificial polymers [1] [2] [3] [4] [5] [6] [7] [8] . In particular, microporous materials (pore size < 2 nm) with regular channel structures, such as porous organic crystals and zeolites, have imposed specific size and shape effects of the nanochannels on the reaction kinetics and selectivity in the solid-state inclusion polymerization processes. For example, extensive studies on polymerization in the organic hosts have been made from the 1960s80s, focusing on radical polymerization of conjugated diene and triene monomers irradiated with -rays [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Highly stereoregular and sometimes optically active chiral polymers were obtained in the inclusion polymerizations utilizing the organic hosts. On the other hand, impregnation of transition metal ions, such as Cu(II), Fe(III), Ni(II), and Co(II), into the nanochannels of microporous zeolites is effective for oxidative polymerizations to produce many conjugated (semi)conducting polymers [19] [20] [21] [22] [23] . Mesoporous materials (pore size > 2 nm) are also attractive from the viewpoints of polymerization as well as fabrications of nanocomposite materials [24] [25] [26] [27] [28] [29] .
Since the early 1990s, the quest for MOFs or PCPs composed of transition metal ions and bridging organic ligands has been the subject of intense research because of their potential applications in many areas, including molecular storage, separation, and exchange [30] [31] [32] [33] [34] [35] [36] [37] . Much research effort has been devoted to developing characteristic features of PCPs that differ from those of conventional microporous materials, such as organic hosts, zeolites and activated carbons: 1) highly regular channel structures, 2) controllable channel size approximating molecular dimensions, 3) designable surface potentials and functionality, and 4) flexible frameworks responsive to guest molecules.
These features are of key importance for the creation of unique nanosize reaction fields based on the PCP materials. Thus, control of molecular reaction and transformation within the confined environments utilizing the functional channels of PCPs is currently an important topic in this area, prompting vigorous efforts in the development of PCPs for applications in heterogeneous catalysis, asymmetric reaction, and ship-in-bottle synthesis [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . In particular, employing the PCP nanochannels as a field of polymerization is an attractive idea, which would allow multi-level controls of polymerization (controls of stereo-and regioregularity, molecular weight, polymer topology, etc.) by efficient through-space inductions and specific host-monomer interactions [48] . Because of the highly designable features of PCPs, these functional nanochannels can be applied to a tailor-made polymerization system to obtain preferred polymer structures; such a system is nano-information transcription polymerization.
In this chapter, we will describe how the host frameworks based on PCPs can be designed for the fields of polymerizations in the first section. Then, in the following section, details of inclusion polymerization in PCPs, such as radical and catalytic polymerization processes, are considered. Finally, in the next section, the significant effects of host framework structures on polymer primary structure are discussed.
Design of Host Frameworks

Regularity
Regular nanosize pores are suitable to confine guest molecules even when the intermolecular interaction between guest and host molecules is governed only by the dispersion force, the so-called van der Waals force. Self-assembly processes from building blocks of metal ions and organic ligands afford microprous structures of PCPs with their particle dimensions of approximately 1 m 3 . Considering that the cross sections of channels of PCPs are mostly ranged from 0.4 to 2.0 nm, one can obtain several millions of regular channels in a particle with a size of 1 m 3 [49] . Such regular channels, with their sharp distribution of pore size due to their high crystallinity, provide advantages for controlled polymerization. Densely adsorbed monomers inside the channels are favorable to high reactive/regulated polymerization because all of the channels can be utilized as a reaction field. If we prepare an assembled guest structure with one-directional orientation or hetero-guests accommodation (e.g., AAABBB, ABABAB…) by employing specific regular micropores, we could achieve block or alternating copolymerization and sequence-controlled polymerization. By tuning the regularity of the potential field of the channels, we can create well-ordered monomer assemblies inside the PCP channels toward the target polymerization.
Pore Size and Shape
The reactivity of guest molecules in confined nanospaces is strongly dependent on the molecular states and behaviors. Generally, the pore sizes of PCPs range from 0.4 to 2.0 nm [49] . In addition, a variety of the pore shapes of PCPs, such as triangle, rectangle, and hexagonal shapes, has been prepared by the possible combinations of directional organic ligands and geometric metal inos. From the viewpoint of channel dimension, not only one-dimensional but also layered or 3D intersecting channel structures can be synthesized in the PCP materials [49] [50] [51] . By tuning these pore size and shape of PCPs, we can create a nanospace with strong confinement capability for a wide range of monomers from gas molecules (e.g., acetylene, ethylene) to larger molecules (e.g., MMA, St) even at room temperature. With the aid of this confinement, we can control the mobility, alignment, and density of adsorbed molecules in the pore, which is often advantageous for controlled polymerizations.
Pore Surface Functionality
If one can prepare PCP nanochannels with surface functional Lewis acidic or basic moiety [52] , they will be applied to catalytic pores for a variety of polymerization Introduction of relatively weak functional groups, such as carbonyl, hydroxyl, nitro, amide, etc., the nanochannels of PCPs would affect the monomer alignment, which may lead to precision controls of stereoselectivity and regioselectivity of the resulting polymers. In particular, the PCPs with either helical or chiral structures on the pore surface are of intense interest in chemistry and such porous solids are potentially useful to find applications in enantioselective sorption/separation and catalysis [35, 39, 40, 41, 43, 46] . Of considerable interest is the use of the chiral channels to affect asymmetric polymerizations such as asymmetric selective polymerization of racemic monomers as well as asymmetric polymerization of prochiral monomers, which may give helical polymer conformations.
Host Flexibility
Dynamic structural transformation based on flexible frameworks is one of the most interesting and presumably characteristic phenomena of PCPs, which cannot be attained by conventional microporous materials such as zeolites and activated carbons [58] [59] [60] [61] [62] . Creation of flexible host frameworks that interact with exchangeable guest species in a switchable fashion has implications for the generation of previously undeveloped advanced materials with applications in areas such as molecular sensing.
From the viewpoint of inclusion polymerization, utilizations of such flexible frameworks based on PCPs would be key principles for highly selective recognition, alignment, and reaction of the accommodated monomers, which is similar to the induced fit theory illustrated by enzymes in biological systems.
The key to creating a flexible framework is to utilize weak molecular interactions in addition to the strong covalent and coordination bonds. Actually, coordination bonds in PCPs are frequently supported by hydrogen bonds,  stacking, and van der Waals forces and other weak interactions. Intermolecular links with these weaker interactions produce flexible parts in a framework, so that the system can exist in two or more solid phases. Depending on the external perturbations and guest molecules, the system will be in one of the multiple solid phases.
Inclusion Polymerizations
Radical Polymerization
Radical polymerization is the most widely employed process for obtaining organic polymeric materials, not only in industry, but also in the laboratory, because of its versatility in polymerizing a variety of monomers [63, 64] . Fig. 1 and 2 ) [65, 66] .
In the polymerization systems of St and MMA, a strong correlation between the pore size of the PCPs and polymer yield is clearly seen, where the conversions for polymerizations decrease as the size of the nanochannels narrows (Tables 1 and 2 . This inhibited conversion of VAc in the nanochannels was ascribed to its low reactivity towards carbon radicals derived from an initiator, due to the lack of a conjugated substituent in the VAc monomer unlike St and
MMA.
It was reported that the framework flexibility of PCPs is also a key importance to polymerizability of included monomers [67] . Thus, the pore size, shape, and flexibility of PCPs strongly affect the dynamics and arrangement of the included monomers, and the behavior of the monomers is a key factor in promoting polymerization in the porous frameworks.
Catalytic Polymerization
It was demonstrated that surface basic site of a PCP successfully catalyzed a polymerization in the nanochannels: the pillared-layer complex [Cu 2 (pzdc) 2 bpy] n proceeded a spontaneous polymerization of substituted acetylenes in a specific manner (Fig. 5) 
Control of Polymer Structures
Stereoregularity
One of the most important subjects in the field of polymer synthesis is stereocontrolled polymerizations. In particular, structural control of vinyl polymers to fabricate the desired stereoregularity (tacticity) is highly important, because the tacticity of the polymers strongly affects the properties of polymers. Therefore several research groups have intensively studied the control of the tacticity of vinyl polymers during solution radical polymerizations [69] [70] [71] [72] [73] [74] . In these systems, the addition of fluoroalcohols or Lewis acids to the reaction media could lead to hydrogen bonding or coordinative interaction of the solvents or the additives with the polar groups in the monomers and/or the growing species, which caused stereospecific chain growth.
However, this method can only be applied to monomers with the carbonyl group, and it is still uncertain whether steric or electronic interaction works on the stereostructures.
Recently, stereocontrolled radical polymerization of vinyl monomers (St, MMA, and VAc) has been attained in nanochannels of [M 2 (L) 2 ted] n (M = Cu 2+ or Zn 2+ ), which led to an increase in isotacticity in the resulting polymers [66] . For example, the tacticity of PMMA strongly depends on the pore size of the PCPs; eventually an increase of 9% in isotacticity was achieved by using [Cu 2 (ndc) 2 ted] n compared with that obtained from the bulk polymerization system (Table 2 and Fig. 6 ). When the VAc monomer was polymerized in the nanochannels of [Zn 2 (bdc) 2 ted] n , the ratio of isotactic units in the PVAc structure clearly increased (8%) ( Table 3 ). Because there is no specific interaction between the adsorbed monomers and the pore walls, effective through-space interactions by the nanochannels of the PCPs successfully induced the polymerizations with less stereo-bulky isotactic units. Thus, in this polymerization system, the nanochannel size effect on the tacticity of the vinyl polymers could be systematically studied, showing that controlled increase of isotacticity became possible in the polymerizations utilizing the size-tunable pores of PCPs.
Much effort has also been devoted to stereocontrolled polymerization of the substituted acetylene monomers, because stereoregularity (cis and trans chain sequence)
of resulting polyacetylenes affects their characteristic properties, such as conjugation length, conductivity, suprastructures, and processability [75] [76] [77] [78] . A remarkably high stereoselectivity was achieved by the polymerization of substituted acetylenes in the nanochannels of [Cu 2 (pzdc) 2 bpy] n (Fig. 7) , determined by IR and UV-vis spectroscopies [68] . The narrow nanochannel structure could successfully direct the polymerization with trans-geometric addition, which strikingly contrasts with the result obtained by using a model catalyst (sodium benzoate) where only unfavorable cyclic byproducts (trisubstituted benzenes) and a cis-geometric polymer were obtained in very low yields.
Suppression of Cross-linking
The hardly formed during the reaction (Fig. 8) . Thus, it is of considerable interest that the functional PCPs successfully directed the linearly extended polymerization of multivinyl monomers because of effective entrapments of the reactive propagating radical mediators in the one-dimensional nanochannels. To elucidate an importance of the channel size for this topotactic polymerization, polymerization of p-DVB in the framework of [Cu 2 (bpd) 2 (ted)] n with large open channels (pore size = 10.8  10.8 Å 2 ) was studied. In this case, the polymerization of p-DVB proceeded in high conversion (63%); however, the obtained polymeric product isolated from the channels was insoluble in any solvents,
showing that semi-branching cross-linked structures was formed in this large channel.
This fact suggests that design of channel size suitable for single molecular accommodation of p-DVB is also a key factor to the selective linear polymerization.
Owing to the nonconjugated nature of the propagating radical of PVAc, unfavorable chain transfer and termination reactions are particularly observed in the radical polymerization process of VAc, thus, the resultant PVAc usually has many branching structures. It is noteworthy that branching formations of PVAc were effectively suppressed during the polymerization in the nanochannels of PCPs [66] . The absolute value of the weight-average molecular weight of PVAc prepared in [Cu 2 (bdc) 2 ted] n , determined by multiangle laser light scattering coupled with GPC, was fairly consistent with that obtained from a conventional GPC measurement using the same column. This fact clearly supports the less-branching linear structure of the obtained PVAc due to the constrained chain growth in the narrow one-dimensional nanochannel of [Cu 2 (bdc) 2 ted] n .
Molecular Weight
To enhance and improve the properties of the polymeric materials, precision polymerization to control molecular weight and its polydispersity is particularly an important topic. However, in the radical polymerization process, the control of molecular weight is very difficult because of the fact that the high reactivity of growing radical species usually causes unfavorable termination and chain transfer reactions.
Recently, living radical polymerization of vinyl monomers in solution systems has emerged as an effective method for precision vinyl polymer synthesis, because this polymerization is free from the side reactions resulting from the introduction of dormant species and can thus control the molecular weights [81] [82] [83] .
It has been recently reported that, in the system of radical polymerizations of St and MMA utilizing the nanochannels of PCPs, the molecular weight distributions of the resultant polymers were found to become narrower with decrease in the host channel size, and eventually a value for M w /M n of 1.5 was attained in the polymerization of St using (Table 3 and Fig. 10 ) [66] . This is also the narrow nanochannel effect of PCPs on stabilization of the PVAc growing radical.
Concluding Remarks
The study on polymerization of monomers encapsulated in the channels of functional PCPs has provided significant opportunities for controlled polymerizations, such as stereoregularity, topology, and molecular weight of polymers. The capability for designable nanochannels of PCPs (regular channel structures, controllable channel size and surface functionality, and flexible frameworks) is one of the most powerful advantages of PCPs, which has led to the systematic studies of inclusion polymerizations in microporous channels based on PCPs. We believe that this polymerization system can provide a new aspect of controlled polymerizations, and is fundamentally important for the understanding of the role of pore size, geometry and flexibility in attaining tailormade polymerizations to obtain preferred polymer structures.
From the viewpoint of applications, further research could be also directed to the quest of polymer physics and properties in the nanochannels of PCPs, as well as construction of polymer-PCPs nanohybrids, so as to enhance the knowledge on applications to nanosize molecular-based devices. The appearance of a band at a longer wavelength (>480nm) in the absorption spectrum of the polymer supports the highly conjugated trans form of poly(methyl propiolate). 
